The c-ret proto-oncogene, a member of the receptor tyrosine kinase gene superfamily, plays a critical role in the development of the excretory system and the enteric and autonomic nervous systems of mammalian embryos. To study the potential function of the c-ret locus in lower vertebrates, we have isolated its zebra®sh homologue, ret1 and established its expression pattern during embryogenesis. Ret1 mRNA ®rst appears during early somitogenesis in the presumptive brain, spinal cord and excretory system. Within the CNS, expression of ret1 is detected in primary motor and sensory (Rohon ± Beard) neurons. Ret1 transcripts are also expressed in subsets of neural crest cells and cranial ganglia as well as in the enteric nervous system. In the excretory system, expression is detected in the developing nephric duct and the pronephros. Our ®ndings reveal a remarkable similarity in the expression pattern of c-ret between higher and lower vertebrates, suggesting that the function of this locus has been conserved throughout vertebrate evolution. Furthermore, the conservation of ret1 expression in cell types which remain unaected by the mammalian c-ret mutations, such as motor and sensory neurons, suggests a function of this receptor in these cell lineages.
Introduction
Receptor tyrosine kinases (RTKs) are integral membrane proteins which play a critical role in intercellular communication. All RTKs have a similar structure characterized by the presence of an extracellular ligand-binding domain, a transmembrane segment and an intracellular region which contains the tyrosine kinase catalytic domain (Ullrich and Schlessinger, 1990; van der Geer et al., 1994) . Genetic studies in invertebrates and vertebrates have established that RTKs play a crucial role in regulating a wide range of developmental processes (Pawson and Bernstein, 1990) . For example, in Drosophila melanogaster, the speci®cation of the R7 photoreceptor cell fate requires the activation of the sevenless RTK (Rubin, 1991) , whilst in Caenorhabditis elegans, activation of let-23, an RTK of the EGF receptor subfamily, is necessary for normal larval growth and vulval development (Sternberg and Horvitz, 1991) . In mice, mutations in the W and Sl loci, which encode the kit RTK and its ligand (steel) respectively, result in abnormal dierentiation of melanocytes, blood cells and germ cells (Geissler et al., 1988; Green, 1989) .
c-ret, ®rst isolated as an oncogene using the NIH3T3 cell transformation assay, encodes a member of the RTK superfamily (Takahashi et al., 1985) . To date, closely related homologues of c-ret have been cloned from three vertebrate species, namely human, mouse and chicken (Takahashi et al., 1988; Iwamoto et al., 1993; Pachnis et al., 1993; Robertson and Mason, 1995; Schuchardt et al., 1995) . In mammalian and avian embryos, high levels of c-ret mRNA have been detected predominantly in the developing excretory and nervous system (Pachnis et al., 1993) . In the excretory system, cret is expressed in the mesonephric (Wolan) duct and the epithelium of the ureteric bud and the tips of its branches. In the central nervous system (CNS), c-ret is expressed in the somatic and visceral motor neuron groups of the hindbrain and the spinal cord, as well as in speci®c subsets of cells of the neuroretina. In the peripheral nervous system (PNS), c-ret mRNA is present at high levels in subsets of cells of the sensory, autonomic and enteric neuronal lineages (Pachnis et al., 1993; Tsuzuki et al., 1995; CVM-G and VP, unpublished data) . Recently, a number of genetic studies have indicated that the ret receptor has a critical function during mammalian embryogenesis. In humans, germline mutations in the c-RET proto-oncogene have been identi®ed in a high percentage of patients with congenital megacolon, a condition characterized by the loss of enteric neurons from the terminal part of the colon (Hirschsprung's disease; Edery et al., 1994; Romeo et al., 1994) . Also, speci®c germ-line mutations have been identi®ed in two dominantly inherited cancer syndromes, Multiple Endocrine Neoplasia type 2A and 2B (MEN2A and MEN2B), which are characterized by tumours of various neural crest derivatives (Mulligan et al., 1993; Hofstra et al., 1994) . In mice targeted inactivation of c-ret results in death of the animals at the newborn stage due to severe renal hypodysplasia or agenesis and absence of subsets of sympathetic and enteric neurons (Schuchardt et al., 1994; Durbec et al., 1996a) . However, several cell types of the CNS and PNS which express high levels of c-ret mRNA, such as motor neurons and sensory neurons, remain unaected in mutant embryos, suggesting that the ret receptor has no function in these cell lineages. This contrasts with the conserved pattern of c-ret expression between avian and mammalian species in the majority of cell types analysed, including sensory and motor neurons. It was therefore of interest to determine the pattern of expression of c-ret in a lower vertebrate species.
The zebra®sh (Danio rerio), a member of the teleost family, is an excellent model system for gene function studies during vertebrate embryogenesis and for evolutionary comparison of gene expression between higher and lower vertebrates (Weinberg, 1992) . Here, we report the cloning and preliminary characterization of the spatial and temporal pattern of expression during embryogenesis of the zebra®sh homologue of the c-ret proto-oncogene. Our data indicate a high degree of conservation of both the primary sequence and the pattern of expression of the ret receptor between lower and higher vertebrates. Interestingly, expression is also conserved in lineages which remain apparently unaected by the mammalian c-ret mutations.
Results

Structural conservation of the ret receptor between lower and higher vertebrates
To isolate the zebra®sh homologue of the mammalian c-ret proto-oncogene, two neurula stage cDNA libraries were screened with the full length murine cret cDNA (Pachnis et al., 1993; Takahashi et al., 1993) . Two overlapping clones were isolated which, upon sequencing, appeared to represent the zebra®sh homologue of the mammalian c-ret locus, called henceforth ret1. Despite the overall homology of the ret1 sequence, as determined from our cDNA clones, to that of the human, mouse and chicken c-ret mRNAs, a 112-base pair segment of clone pzfret7 (region x, Figure 1a ) appeared to disrupt the overall colinearity between these mRNAs and introduce an in frame termination codon which would result in a truncated protein containing only part of the extracellar domain of the ret receptor. Closer inspection of the sequence of this segment indicated that it is¯anked by sequences which match the splice donor and the splice acceptor consensus sequences (not shown), raising the possibility that pzfret7 represents a partially processed form of the ret1 primary transcript containing an unspliced intron. Since further cDNA library screens failed to identify additional cDNA clones which would correspond to the region containing the apparent insertion, we combined reverse transcription and polymerase chain reaction (RT ± PCR) to amplify the relevant sequences of ret1 mRNA. Using primers¯anking the apparent insertion ( Figure  1a , oli 1 and oli 2), we generated an ampli®cation product which was shorter than the size expected from the cDNA clone pzfret7 by approximately 112 base pairs (not shown). Sequencing of several clones representing this ampli®cation product indicated that they all lacked the 112-base pair insertion which led us to conclude that the majority of the zebra®sh ret1 mRNA molecules lack this insertion and therefore are capable of encoding a mature receptor. The sequence presented in Figure 1b is based on both the cDNA cloning and the PCR ampli®cation experiments. At this point, however, we cannot exclude the possibility that a small percentage of ret1 mRNA molecules contain this insertion region and therefore are encoding a truncated and presumably soluble form of the extracellular domain of the receptor. The functional signi®cance of such a potential form of the ret receptor is at present unclear. Figure 1b compares the amino acid sequence of the zebra®sh, chicken, mouse and human ret receptors. The zebra®sh ret1 mRNA is capable of encoding a 1106 amino acid-long protein of M r 125 000. The predicted protein shows 60% and 55% overall identity to the amino acid sequence of the avian and mammalian ret receptors, respectively. As is the case for the avian and mammalian receptors, a region with homology to the cell adhesion proteins, cadherins, is also found in the extracellular domain of the zebra®sh ret1 receptor. This region includes the (V/ L)DREXXXXYXL motif, involved in the coordination of Ca 2+ and the DEDD and DXD motifs which function as`linker' sequences (Figure 1b; Schneider, 1992; Takeichi, 1991) . Another feature of the ret receptor, is the presence of a cysteine-rich domain in the C-terminal region of the extracellular domain. Overall, out of 25 cysteine residues conserved between the chick, mouse and human extracellular domains, 23 are also conserved in the zebra®sh (Figure 1b ). In the intracellular part of the zebra®sh protein, a tyrosine kinase domain (which is approx 85 ± 88% identical to that of the mammalian and avian ret receptors), is split by a highly conserved insert region . Dierential splicing at the 3'-end of the primary c-ret transcript in mammals and birds, leads to the generation of two protein isoforms, the ret9 and ret51 isoforms. The ret51 isoform is generated by replacement of the 9 C-terminal amino acids of the ret9 isoform by 51 unrelated amino acids (Ishizaka et al, 1989; Tahira et al., 1990) . The predicted protein encoded by the isolated zebra®sh cDNA clones corresponds to the ret51 isoform present in mammals and birds. Taken together, our data strongly suggest that we have isolated the zebra®sh homologue of the mammalian and avain c-ret genes.
Expression of ret1 during zebra®sh embryogenesis
Northern blot analysis established that ret1 is expressed during embryogenesis and generates a complex set of abundant transcripts which are of similar size to the mammalian transcripts reported previously (data not shown; Ishizaka et al., 1989; Pachnis et al., 1993) . To determine the spatial and temporal pattern of expression of the ret1 gene during zebra®sh development, embryos of various stages were analysed by in situ hybridization using cRNA probes that detect all transcripts. ret1 mRNA was ®rst detected in speci®c groups of cells at the 3-somite stage and was maintained throughout the embryonic period and in the adult. As is the case for the mammalian and avian c-ret genes, the main sites of expression of ret1 are the excretory and the nervous systems. The conservation of the overall pattern of expression of the ret locus between lower and higher vertebrates is indicated by comparing Figure 2c and f.
mRNA distribution in the developing excretory system
In the excretory system, ret1 transcripts were ®rst detected in the pronephric ducts of 4 ± 6-somite stage (10 ± 12 hpf) embryos (not shown). During the following 6 h of development and up to the 18-somite stage, However, subsequent to the 18-somite stage, expression became gradually downregulated in a rostral to caudal sequence and by the 26-somite stage (22 hpf), ret1 expression was restricted to the most posterior part of the nephric duct (Figure 2c and d) . In addition to the expression in the pronephric and nephric ducts, ret1 mRNA was also detected in a group of mesodermal cells located ventral to the notochord at the level of the third somite (Figure 2c and e). This is the area where the pronephric kidneys form (Wester®eld, 1994) , suggesting that ret1 mRNA is expressed in these structures during zebra®sh embryogenesis. ret1 expression in the developing CNS ret1 speci®c signal was observed in the presumptive brain from the 3-somite stage. In the forebrain region of 12-and 18-somite embryos, bilaterally symmetrical clusters of ret1-positive cells were localized ventral to the optic stalks, in a region that included the developing hypothalamus of the diencephalon (Figure  3a and b) . In addition to the positive diencephalic clusters, ret1 expression was also observed in groups of cells located dorsal to the optic stalks in cells of the nasal epithelium and the dorsorostral telencephalon (Figure 3a and b, op and t). Also, at this stage, ret1 expressing cells were observed in the epiphysis ( Figure  3b, e) .
In mice, high levels of c-ret mRNA are present in subsets of cells of the developing retina (Pachnis et al., 1993) . However, ret1 mRNA was not detected in the neuroretina of the zebra®sh embryo. To investigate the possibility of ret1 expression in the fully developed retina, we performed in situ hybridization on cryosections of adult zebra®sh. As shown in Figure 3c , ret1 is predominantly expressed in a single cell layer, the location of which suggests that it corresponds to the amacrine cells (am) . No expression was detected in the other layers of the retina, including the photoreceptors (ph; Figure 3c ). A small number of ret1-positive cells present in the ganglion cell layer (g) are likely to represent displaced amacrine cells (Masland et al., 1993) . ret1 transcripts were also found in speci®c cells in the larval and adult forebrain, the identity of which remains unknown (not shown).
In the midbrain, expression of ret1 mRNA was ®rst detected in a ventrally located group of cells at the 18-somite stage (Figure 3b, mb) . To identify the ret1-positive cells, the expression of the HNK-1 epitope was examined in prim-5 (24 hpf) embryos that had been previously hybridised with ret1 cRNA. As shown in Figure 3d , the ret1 positive region in the midbrain coincides with the most anterior neurons in the nucleus of the medial longitudinal fasciculus (nMLF).
In the hindbrain, ret1 expression was ®rst detected at the 18-somite stage (18 hpf). By the prim-5 stage (24 hpf), a few strongly expressing cells were present in the anterior and posterior rhombomeres (Figure 3e ). Double labelling with the HNK-1 antibody and the ret1 cRNA probe, showed that the ret1-positive neurons present in rhombomere 1 extend their axons along the MLF pathway (Figure 3f ). The identity of ret1-positive cells in the posterior hindbrain was not established, although their location suggests that they belong to the group of reticulospinal neurons (Mendelson, 1986a,b) .
Expression in the spinal cord was ®rst detected at the 3-somite stage (not shown). Between the 3 to 12-somite stages, ret1 mRNA was restricted to ventrally located cells along the anterior-posterior axis ( Figure  4a) , while by the prim-5 stage (24 hpf), ret1 expression was detected in both ventrally as well as dorsally located groups of cells (Figure 4b ). By the 14-somite stage (16 hpf), the ventrally located ret1-expressing cells were arranged in a segmental pattern relative to the borders of hemisegments 8 to 20 (2 to 3 ret1 positive cells per hemisegment; Figure 4c ). These cells were likely to be primary motor neurons as indicated by their early appearance, ventrolateral location and the relatively large size of their cell bodies (Figure 4b and c; Eisen et al., 1986; Myers et al., 1986; Eisen, 1991) . Vital dye labelling and immunohistochemistry using several neuron-speci®c markers, has indicated that three primary motor neurons are present in each hemisegment: the CaP, (Caudal Primary, caudally located); RoP, (Rostral Primary, rostrally located) and MiP, (Middle Primary, between CaP and RoP). A fourth primary motor neuron, which is variably present, is found in about half of the spinal hemisegments (VaP, Variable Primary, adjacent to CaP; Eisen et al., 1990) . To determine whether the ret1-expressing cells were indeed primary motor neurons, in situ hybridization histochemistry (with a ret1 cRNA probe) and immunohistochemistry with an isl-1/2 antiserum were combined on prim-5 to prim-16 (24 to 30 hpf) embryos (Figure 4d ). Isl-1/2 speci®c antibodies have been shown to identify all primary motor neurons of the zebra®sh embryo (Korzh et al., 1993) . As shown in Figure 4d , the RoP and MiP primary motor neurons, as de®ned by their position just rostral to the hemisegment border and by expression of isl-1/2, were also expressing ret1 mRNA, while the CaP and VaP neurons were ret1-negative (Figure 4d ). In the hemisegments caudal to somite 20, most ventrolaterally located cells expressed ret1, but did not show a segmental arrangement at any of the stages examined. This was also the case of ventrolateral ret1-expressing cells in the spinal cord between somites to 4 to 7. ret1 transcripts were not observed in the spinal cord at the level of somites 1 to 3 at any of the stages analysed (not shown).
In addition to the primary motor neurons, ret1 positive cells were also located in the dorsal aspect of the spinal cord (Figure 4b) . These large and nonsegmentally arranged cells were thought to represent the primary sensory Rohon ± Beard (RB) neurons. This was further supported by double staining experiments on a 18-somite stage (18 hpf) embryo in which in situ hybridization histochemistry was combined with immunohistochemistry using the HNK-1 monoclonal antibody (Figure 4e ). The HNK-1 epitope has been shown previously to be present in many primary neurons during early zebra®sh development, including RB neurons (Metcalfe et al., 1990) . As shown in Figure 4e , the ret1 expressing cells of the dorsal spinal cord were also positive for the HNK-1 epitope. The number of ret1-positive RB neurons was found to be variable and in some embryos we were unable to detect ret1 mRNA in the RB neurons. ret1 expression in the developing PNS Expression of ret1 mRNA was also detected in groups of cranial cells outside the CNS. Double label in situ hybridization histochemistry using a combination of ret1 and krox-20 cRNA probes (Oxtoby and Jowett, 1993) , indicated that at the 6-somite stage, a small number of ret1-positive cells was located adjacent to the dorsal hindbrain (Figure 5a ). The position of these cells adjacent to rhombomeres 3 and 4, suggested that they were derived from the neural crest. At later stages (12-somite stage), the population of ret1-positive cells adjacent to the hindbrain expands and occupies an area extending from rhombomeres 3 to 5. A cross section at the level of rhombomere 5 of a 12-somite stage embryo is shown in Figure 5b .
During the next stages analysed (18 ± 24 somites), ret1 expression was detected in speci®c subsets of cranial ganglia of the PNS. To identify the ret1-positive cranial ganglia, in situ hybridization for ret1 mRNA was combined in some embyros with HNK-1 immunostaining. As shown in Figure 5c , d and e at these stages, ret1 mRNA was expressed in the trigeminal, facial and posterior lateral line ganglia, while the acoustic ganglia were negative. High levels of ret1 expression in the facial and posterior lateral line ganglia were also seen at the long-pec stage (48 hpf; Figure 5f ). The expression of ret1 mRNA in the cranial ganglia of the zebra®sh embryo is highly reminiscent of that of c-ret in the mammalian embryo. In the 9.5 ± 10.5 day mouse embryo, c-ret mRNA is expressed in the facial (VII), glossopharyngeal (IX) and vagal (X) ganglia, but is absent from the acoustic (VIII) ganglia (Figure 2f ). Although at this stage of mouse embryogenesis, no expression was detected in the trigeminal ganglion, c-ret transcripts were detected in a subset of neurons one to two days later (Pachnis et al., 1993) .
In the mammalian and avian embryos, high levels of c-ret mRNA have been detected in the developing autonomic nervous system (sympathetic and parasympathetic) and the ENS (Pachnis et al., 1993; Robertson and Mason, 1995; Schuchardt et al., 1995; Tsuzuki et al., 1995) . To determine whether ret1 is expressed in the ENS of teleosts, the gut of larvae and adult zebra®sh was analysed by in situ hybridization with ret1 cRNA probes. Whilst no ret1 mRNA was detected in the gut of adult zebra®sh (not shown), ret1-positive cells were present in the gut wall of 3 ± 8 day old larvae (Figure 5g and h) . The punctate nature of the signal and their localization in the mesenchyme surrounding the gut endoderm, suggests that the ret1-positive cells represent the precursors of the zebra®sh ENS. The distribution of the ret1-positive cells along the anterior posterior axis of the gut was not homogeneous during the stages analysed, with more cells present in the anterior segments of the ®sh gastrointestinal tract compared to the posterior (Figure 5g and h) .
Discussion
Evolutionary conservation of c-ret
We report here the cloning and initial characterization of the zebra®sh ret1 gene, the teleost homologue of the mammalian and avian c-ret proto-oncogenes. Our data indicate that both the primary structure and the overall pattern of expression of the ret receptor have been conserved between lower and higher vertebrates. The predicted amino acid sequence of the zebra®sh ret1 5 mm in a, d, f, g, h; 21.7 mm in b; 87 mm in c and 52.6 mm in e ret-1 expression in zebrafish CV Marcos-Gutie Â rrez et al protein shows an overall identity of 55 ± 60% when compared to the mammalian and avian receptors, while comparison of the intracellular tyrosine kinase domains revealed over 85% identity. These ®gures are comparable to those reported for the homologues of other members of the RTK superfamily (Xu et al., 1994) . In both the mammalian and the avian ret proteins, a subdomain has been identi®ed in the extracellular part of the receptor, which shows clear homology to the extracellular portion of cadherins, a family of cell surface proteins mediating homophilic Ca
2+
-dependent cell-cell adhesion (Takeichi, 1991; Schneider, 1992) . A similar cadherin-like subdomain was also present in the zebra®sh ret1 protein. The role of this domain in mediating cell-cell adhesion is at present unclear, since aggregation assays failed to show ret-dependent homophilic interaction between cells expressing the murine ret receptors . Another conserved feature of the extracellular region of the ret receptor, is the presence of a cysteine-rich domain. The biological signi®cance of this domain is highlighted by the fact that point mutations in the human receptor, which replace speci®c cysteine residues proximal to the transmembrane segment (conserved in equivalent positions in the ret1 receptor), lead to ligand-independent and constitutive activation of its kinase domain (Mulligan et al., 1993; Asai et al., 1995) . The conservation of the cadherin-like and cysteine-rich domains between teleosts and mammals, separated by at least 300 ± 400 million years of evolution, indicates that they are likely to play an important role in ligand binding or signalling by the ret receptor.
Analysis of the human (Ishizaka et al., 1989; Tahira et al., 1990) and murine (CVM-G and VP unpublished data) c-ret genes indicate that they are capable of encoding two isoforms, termed ret9 and ret51, which dier exclusively at their COOH-termini. Amino acid sequence comparison revealed that the zebra®sh cDNAs we have isolated, encode the teleost homologue of the mammalian ret51 isoform. Although additional library screens have failed to isolate ret9 isoform-speci®c cDNAs, we have been able to identify within the zebra®sh ret1 locus a region which is highly homologous to the mammalian ret9-speci®c cDNA sequences (CVM-G and VP; unpublished data). This suggests that, as in higher vertebrates, teleosts also generate two isoforms of the ret receptor. Although the dierential regulation of expression and the functional signi®cance of the ret receptor isoforms is not clear at present, the evolutionary conservation of their sequences among vertebrates suggests the activation of conserved and isoform speci®c intracellular signalling pathways (Borrello et al., 1994) . Consistent with this hypothesis, we have recently observed dierential eects of the two mammalian ret isoforms when ectopically expressed in animal cap cells of blastula stage Xenopus embryos (P Durbec, C Kilkenny, CVM-G and VP; unpublished observations).
Expression during embryogenesis
As found in mammalian embryos, one of the main sites of expression of ret1 in zebra®sh embryos is the developing excretory system. ret1 mRNA was detected in both the pronephric kidney and the Wolan duct of the opisthonephros, initially distributed uniformly throughout its length, but subsequently con®ned to its posterior end. The expression of ret1 in the excretory system of the zebra®sh embryo, combined with the established role of the receptor in the development of the mammalian kidney (Schuchardt et al., 1994 (Schuchardt et al., , 1996 , suggest that ret1 is required for the normal development of the excretory system of lower vertebrates. In mammlian embryos, the caudal part of the Wolan duct (which also expresses the highest levels of c-ret mRNA), gives rise to the ureteric bud which, upon invasion of the adjacent metanephric mesenchyme and branching, induces formation of the excretory units of the permenant kidney, the nephrons. At the same time, reciprocal signals from the undierentiated mesenchyme induce proliferation of the epithelial cells and further branching of the ureteric bud (Saxen, 1987) . Based on the pattern of expression of the mammalian ret receptor and the analysis of the phenotypic eects of mutations of the murine c-ret locus on kidney development, we have previously suggested that ret is the receptor for a mesenchyme derived signal, which stimulates the initial formation and the subsequent branching of the ureteric bud (Schuchardt et al., 1994 (Schuchardt et al., , 1996 . In teleosts such as the zebra®sh, there is no structure analogous to the ureteric bud and the metanephros, and the excretory functions of the adult animal are served by the opisthonephros, a structure that could be viewed as analogous to the avian and mammalian mesonephros. It is therefore likely that in lower vertebrates the function of the ret receptor is restricted to the growth and dierentiation of the cells of the Wolan duct and the opisthonephric tubules. Interestingly, although the most dramatic eects of c-ret ablation in mammals is severe dysplasia or aplasia of the metanephros, we have recently established an additional eect on the development of the mesonephros (Schuchardt et al., 1996) . Although the complete understanding of the role of the ret1 in the development of the zebra®sh excretory system will require further experiments, our analysis of ret1 expression in the kidney of the zebra®sh, suggests that the basic molecular mechanisms underlying the development of the excretory system have been conserved between lower and higher vertebrates.
In the spinal cord, ret1 is expressed in both primary motor and sensory (RB) neurons. The identity of the ventromedially located ret1-expressing cells as primary motor neurons was established by a combination of in situ hybridization with ret1 cRNA probes and immunohistochemistry with an antiserum identifying two members of the LIM family of homeodomain containing transcription factors, isl-1 and isl-2. Interestingly, in the prim-5 stage embryo, ret1 mRNA is expressed in a subset of motor neurons. Distinct subclasses of motor neurons have been identi®ed in the spinal cord of higher and lower vertebrate (chick and zebra®sh) embryos on the basis of their columnar organisation and selection of axonal pathway. Expression and genetic studies have suggested that members of the LIM family of transcription factors (Tsuchida et al, 1994; Appel et al., 1995) , play a critical role in the speci®cation and dierentiation of subclasses of motor ret-1 expression in zebrafish CV Marcos-Gutie Â rrez et al neurons. The expression of ret1 in the spinal cord of the zebra®sh embryo suggests that this receptor is also part of a signalling and molecular cascade necessary for the dierentiation or acquisition of identity of speci®c subsets of primary motor neurons.
Another major group of neurons expressing ret1 mRNA are the primary sensory neurons mediating touch sensitivity, the Rohon ± Beard neurons of the spinal cord and the sensory neurons of the trigeminal ganglion. The RB neurons are characterised by their large size, expression of the HNK-1 epitope and their non-segmental arrangement at the dorsal 1/3 of the spinal cord. The trigeminal sensory neurons are bipolar neurons forming compact ganglia, between the developing eye and the otic vesicle (Figure 5e ). Coexpression of ret1 mRNA by RB and trigeminal sensory neurons further supports the suggestion (originally based on the analysis of various phenotypic markers) that these two groups of neurons share a common developmental programme (Metcalfe et al., 1990) . Expression of c-ret mRNA has also been detected in a speci®c subpopulation of sensory neurons of mammalian embryos although the sensory modality of these neurons has not been established (Pachnis et al., 1993) .
The conserved expression of ret in motor and sensory neurons of lower and higher vertebrates, supports the hypothesis that the receptor plays a role in the dierentiation or survival of these groups of neurons during embryogenesis. This hypothesis is further supported by the recent identi®cation of glial cell line-derived neurotrophic factor (GDNF) as a functional ligand for the ret RTK, since this molecule has a dramatic trophic eect on several groups of CNS neurons, including motor neurons (Durbec et al., 1996b; Jing et al., 1996; Trupp et al., 1996) . However, phenotypic analysis of mouse embryos and newborn animals mutated at the c-ret locus, failed to reveal any major abnormalities of motor neuron pools and sensory ganglia, although at this point we cannot exclude the possibility that subtle defects are present (CVM-G and VP; unpublished data). The ability to express dominant negative forms of the ret1 receptor in the zebra®sh embryo, will allow us to address directly the potential role of this signalling pathway in the motor and sensory neurons in an experimentally accessible vertebrate.
In mammals, loss-of-function mutations of the c-ret proto-oncogene lead to dramatic defects in the development of the ENS and subsets of sympathetic and parasympathetic ganglia. Despite the paucity of data on the expression in the autonomic nervous system of zebra®sh, the presence of ret1 mRNA in the ENS of the larva suggests that, as in mammalian embryos, the ret receptor plays a critical role in the development of the ENS in lower vertebrates. Furthermore, ret1 mRNA can serve as a useful marker for studies on the development of the ®sh ENS.
Materials and methods
Animals
Embryos were maintained as described previously (Wester®eld, 1994) and staged according to Kimmel et al. (1995) and by hours post-fertilization at 28.58C (hpf).
cDNA cloning and sequencing
An oligo-dT primed neurula-stage cDNA library (gift from Dr David Grunwald), was screened using the mouse full length c-ret cDNA under low stringency hybridization and washing conditions (hybridization: 56SSC, 106dextran sulphate, 106Denhardt's solution, 0.1% SDS and 100 mg/ ml salmon sperm DNA at 608C; washes: 0.56SSC at 608C for 30 min). A random primed neurula-stage cDNA library (gift from Prof Jose Campos-Ortega) was screened under high stringency conditions (hybridization: 36SSC, 106dextran sulphate, 106Denhardt's solution, 0.1% SDS and 100 mg/ml salmon sperm DNA at 658C; washes: 0.16SSC at 658C for 1 h). Nested deletions of the cDNA clones were generated using the Erase-a-Base kit (Promega) and sequenced using the Sequenase Version 2.0 kit (USB).
In situ hybridization
Non-radioactive in situ hybridization on sections from larval and adult zebra®sh was performed as described (Schaeren-Wiemers and Ger®n-Moser, 1993) . Whole mount in situ hybridization was performed according to previously described protocols by Xu et al. (1994) . Double label whole mount in situ hybridization using ret1 and krox-20 cRNAs was performed as previously described (Jowett and Lettice, 1994) . Following whole mount in situ hybridization, embryos were re®xed with 4% paraformaldehyde in PBS, dehydrated in a graded series of ethanol solutions, embedded in paran wax at 608C and 14 mm sections were collected onto Tespa-coated slides, rehydrated and mounted in 80% glycerol. Manually section embryos were cut with a tungsten needle. For all the in situ hybridization experiments, pzfret7 was linearized with EcoRI and cRNA probes were generated using digoxigenin labelled UTP and T7 RNA polymerase as described previously (Wilkinson, 1992) .
Stained embryos and sections were observed and photographed with a microscope equipped with dierential interference contrast optics (DIC; Zeiss Axiophot) or with a dissecting microscope (Leica Wild 10).
Immunohistochemistry
Dechorionated embryos were ®xed with 4% paraformaldehyde at 48C for 24 h and stored in methanol at 7208C until used. After rehydration in a graded methanol/PBS series (5 min each), the specimens were washed in four changes of PBT (PBS, 0.1% Triton X-100) for 5 min each. The tissues were incubated overnight at 48C with either anti isl-1/2 (1 : 200; gift from T Jessell) or anti-HNK-1 (1 : 100; gift from G Rougon) antibodies. The primary antibodies were detected with the ABC immunoperoxidase system according to the manufacturer's speci®cations (Vector Laboratories Inc.).
For ret1 and HNK-1 double-staining, embryos were ®rst treated for in situ hybridization with ret1 cRNA, ®xed with 4% paraformaldehyde for 12 h at 48C and then incubated with the HNK-1 antibody as described above. For ret1 and isl-1/2 antibody double-labelling, embryos were ®rst stained with the isl-1/2 antibody and then in situ hybrized with ret1 cRNA.
